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Cost of the photovoltaic (PV) systems and their peripherals has been always an
issue when considering them for various applications. Using an inexpensive
maximum power point tracking (MPPT) system is a simple but efficient solution to
reduce the cost of the PV systems and increase the public acceptance. This paper
presents the simulation and hardware implementation of incremental conductance
algorithm using buck-boost converter and PIC18F4520 controller. Design and
simulation of the proposed system are presented using MATLAB and SIMULINK tools.
The proposed system is also tested on KC85T PV module for constant and
changing weather conditions. Experimental results indicated the capability and
functionality of the proposed system on tracking maximum power point with the
voltage ripple ratio¼ 0.006, which is near to the ideal mathematically calculated
assessment. The proposed MPPT system helps to reduce the complexity and cost of
the PV systems and also ensures the largest operating region of the PV module.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794749]
I. INTRODUCTION
Traditional electricity generation using thermal energy by burning charcoal and other fossil
fuels has become more costly due to the remarkable increase in fuel prices. The thermal gener-
ation has also been considered as one of the leading causes for greenhouse gas emissions and
global warming.1–3 Meanwhile, the solar power is considered as one of the solutions to the
environmental problems and a promising energy source for generating electricity. Despite all
the advantages, electricity generated by the PV module is an extremely unstable power source.
The change in sunlight intensity, ambient temperature or load will change the output voltage
and power of the PV module significantly. Thus, developing ways to boost the efficiency and
advantageous of the PV system is highly concerned.4
In order to ensure that the PV module always operates at the maximum power point (MPP)
for any weather and temperature conditions, a maximum power point tracking (MPPT) system
is indispensable.5–7 Each operating point of the PV module can be reported by an operating
current and operating voltage. So, when the PV module is operating at the MPP current and
voltage, it generates the maximum power available. Maximum power point of a PV module is
always fluctuating in an interval depending on the cell type, irradiation, and cell temperature.
Hence, the main role of the MPPT is to operate the PV system at its maximum power point
under given temperature and irradiance.8
Various MPPT methods have been developed and implemented in the literature. They vary
in complexity, sensors required, convergence speed, cost, range of effectiveness, hardware imple-
mentation, and popularity.9 Some of the most popular MPPT methods are incremental conduct-
ance, perturbation and observation (P&O), fractional open-circuit voltage (FOCV), fractional
short-circuit current (FSCC), and fuzzy logic control (FLC).6–11 Among these MPPT methods,
incremental conductance method offers a good performance under quick changes in weather con-
ditions. Besides, it is also simple and can be implemented using low cost microcontroller.6,9
In this paper, incremental conductance method is used. A low cost programmable integrated
circuit (PIC) controller has been employed to control the switching activity of a buck-boost
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converter. Generally, simple converters such as buck and boost are used for existing MPPTs in the
literature; however, their operational region is small compared to the buck-boost converter which
has the capability to step up and step down the input voltage.11–14 In addition, PIC controller has
merits over a digital signal processor (DSP) microcontroller since it is cheaper and its controlling
program is simple.13–16
II. PV MODULE CHARACTERISTICS
The basic structure of a PV system is the PV module, which is composed of solar cells. A solar
cell converts energy in the photons of sunlight into electricity by means of the photovoltaic effect
found in certain types of semiconductor materials, such as silicon and selenium. An individual solar
cell can only produce a small amount of power. A PV module is a current source composed of par-
allelly and serially connected PV cells.13,17,18 To increase the electrical output power of a system,
PV modules are usually connected in series or parallel to form a PV system.19 Using the Kirchhoff’s
current law (KLC) in the PV equivalent electric circuit, the current produce by a PV module is20,21
I ¼ npISC  npIO  fexp½qðV=ns þ RSIÞ=nkTk  1g  ðV þ RSIÞ=Rsh; (1)
where V is the output voltage of PV module, I output current of PV module, Rs series resistance
of cell, Rsh shunt resistance of cell, q, electronic charge (1.602  1019 C), Isc light-generated
current, k, Boltzman constant (1.38  103 J/k), Tk temperature (K), ns number of PV cells
connected in series, np number of PV cells connected in parallel, and Io the reverse saturation
current which depends on the ambient temperature
Io ¼ Isc: e
qVoc
nKT  1
 
: (2)
Equation (1) shows that the PV module output power is affected by two weather variables
which are the solar irradiation and the temperature.
To investigate the effects of temperature and solar irradiation on the output power of PV
module, two main characteristic curves of the PV module are considered: the current vs. volt-
age curve (I-V curve) and the power vs. voltage curve (P-V curve). Fig. 1 shows the I-V and
P-V characteristic curves of a PV module.23,24 Three points on the P-V curve are important in
defining the performance of a PV module: the maximum power point, the short-circuit current,
and the open-circuit voltage.22
The PV module can be operated in any point on the I-V curve between the Isc and the Voc.
However, the power from the PV module is different in every operating point as shown in the
FIG. 1. I-V and P-V characteristic curves of a PV module.
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P-V curve in Fig. 1. Therefore, a control algorithm is needed in order to ensure that the PV sys-
tem always operates at the MPP.
Fig. 1 is obtained when the temperature and solar irradiation are constant at the standard
testing conditions (STC) which are defined as cell temperature¼ 25 C, incident solar
irradiance¼ 1000W/m2, and air mass (AM)¼ 1.5.
III. MPPTALGORITHMS
Many MPPT algorithms have been proposed to track the MPP. Some of the proposed
MPPT algorithms are simple such as voltage and current feedback based methods and some are
more complicated such as P&O or the incremental conductance method. They also vary in
complexity, sensor requirement, speed of convergence, cost, range of operation, popularity,
ability to detect multiple local maxima, and their applications.25 In the following, two common
algorithms are discussed.
A. P&O method
P&O method is the most commonly used MPPT method in the literature.26–31 It is based
on the output power of the PV module. When the output power is increased due to the increase
in the output voltage, the voltage will keep increasing until MPP is reached. When the output
power is decreasing, the voltage will be tuned back again. This process will keep going to
ensure that the PV module operates at the MPP.17,32
P&O algorithm is simple and efficient; however, there are downsides since it cannot always
keep the PV system at the MPP due to the slow trial and error process. Using P&O algorithm
even for steady-state sunshine keeps the PV system in an oscillating mode and hence the output
is fluctuating and finally the operation of the PV system may fail to track the MPP due to the
sudden changes in solar irradiation level.32
B. Incremental conductance method
This algorithm uses the instantaneous conductance of the PV module which is the current
divided by the voltage I
V
 
and the incremental conductance which is the difference of current
divided by the difference of voltage DIDV
 
and compares them in order to obtain the MPP.
Graphically, this method depends on the P-V curve characteristics of the PV module. Equations
(3)–(5) are used in incremental conductance method to determine the operating point of the PV
module23,33
DI
DV
¼ I
V
; (3)
DI
DV
>  I
V
; (4)
DI
DV
<  I
V
: (5)
Equation (3) is held true when the PV module is operating at the MPP; Eq. (4) is held true
when the PV module is operating in the left region of the MPP in the P-V curve; and Eq. (5) is
held true when the PV module is operating in the right region of the MPP in the P-V curve.
This algorithm is based on the fact that the gradient of the P-V curve is equal to zero at MPP33
dP
dV
¼ 0: (6)
Since,
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dP
dV
¼ I dV
dV
 
þ V dI
dV
 
; (7)
dP
dV
¼ I þ V dI
dV
 
; (8)
using (6), Eq. (8) can be derived as
I þ V dI
dV
 
¼ 0: (9)
However, condition in (9) is difficult to be obtained and therefore, there is a small permitted
error.33 Equation (9) can be rewritten as
I þ V dIdV
  ¼ e; (10)
where e is the small permitted error and a small positive number.
The main advantage of this algorithm is its fast power tracking process but it might be
unstable when the solar intensity is low due to the low current differentiation. The flow chart
of incremental conductance algorithm is shown in Fig. 2.
In this paper, incremental conductance method is used as the MPPT algorithm; advantages
of using this method are the higher efficiency, accuracy, and fast tracking of MPP in compari-
son with other algorithms.
IV. SELECTING A PROPER DC-DC CONVERTER
MPPT system is simply a DC-DC converter, which acts as a power interface between the PV
module and the load. The key characteristic in designing a MPPT is to control the switching activ-
ity of the converter and deliver the maximum power to the load at each operating condition. When
a PV module is connected to a load, its operation point will be determined by the intersection point
of its I-V curve and the load line. At a single point, when two curves intersect each other exactly
at the MPP, the PV module is operating at the MPP.14 There are several non-isolating DC-DC con-
verters, including buck, boost, buck-boost, SEPIC, and Cuk converters. Among all these converters,
the buck-boost converter has a simple structure and a lower cost compared to the other converters.
It can also be operated in continuous and discontinuous inductor current modes. In this paper, the
buck-boost converter is used to operate in the continuous current mode. Therefore, in the following,
only continuous current mode will be discussed. Continuous inductor current mode is characterized
by current flowing continuously in the inductor during the entire switching cycle in steady-state
condition.34 During the operation time, the switching activity of buck-boost converter is controlled
by the Pulse-Width Modulation (PWM) in order to control the operation mode of the converter.
The relationship between the input and the output voltage of the buck-boost converter is
Vout ¼ Vin D
1 D : (11)
When the converter is in ideal condition, the input power is equal to the output power as
Pin ¼ Pout; (12)
VinIin ¼ VoutIout: (13)
By substituting (11) into (13)
Iout ¼ Iin 1 D
D
(14)
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and dividing (11) with (14) result in
Vout
Iout
¼ Vin
Iin
D2
ð1 DÞ2 ; (15)
Rin ¼ RoutD00 ; (16)
where D00 ¼ ð1DÞ2D2 .
Equation (16) shows that the input impedance of the converter can be adjusted by changing
the duty cycle of the converter. Since the load line of the system can be adjusted by changing
the input impedance of the converter,35 the load line is moved to ensure that the PV module
operates at the MPP. The ripple ratio and the Lmin are calculated using
DVo
Vo
¼ DT
RC
¼ D
RCf
; (17)
Lmin ¼ R
2f
ð1 DÞ2: (18)
The operating region of buck-boost converter can be studied by imposing the load line onto the
I-V curve. The inclination angle of the load line for buck-boost converter can be expressed as14
FIG. 2. Flowchart of incremental conductance (IC) method.
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HRin ¼ tan1 D
2
ð1 DÞ2Rout
" #
: (19)
Using this equation, comparing the operational and non-operational regions of buck-boost,
buck, and boost converters shows the wider operation region for buck-boost converter. Buck-
boost converter has no non-operational region because the input voltage can be either step up
or step down. However, buck and boost converters can only step down or step up the input
voltage. Hence, the operational region of the buck-boost converter is the combination of the
operational region of both the buck and the boost converters.
V. SYSTEM DESIGN AND SIMULATION
The DC-DC converter has been designed and simulated using MATLAB and SIMULINK tools.
The capacitor has direct effect on the output voltage ripple. It should be large in order to ensure
the smallest ripple in the output voltage. By substituting the capacitance value 1000 lF in Eq.
(17), the ripple ratio is 0.008. The switching frequency of the converter is set to 10 kHz and the
load is chosen to be a 10 X power resistor. Substituting the minimum duty cycle D¼ 0.2 in Eq.
(18), the minimum inductor is calculated to be Lmin¼ 320 lH.
In the simulations, the PV module has been modeled as well. In this paper, KC85T with
specifications as shown in Table I is used for simulations and hardware implementation.
First, the PV module model is tested at the constant reference temperature 25 C while the
solar irradiation level is increasing from 600W/m2 to 1000W/m2 at 0.1 s. When the solar inten-
sity is at 1000W/m2, the PV module is operating at STC and the voltage and current of PV
module at MPP are as stated in Table I. By substituting the voltage and current to Eq. (15), the
duty cycle at MPP is calculated, D¼ 0.63.
The output voltage during steady state is around 9.4V between 0 s and 0.1 s. When the irra-
diation level changes to 1000W/m2 at 0.1 s, the voltage starts to increase slowly and reaches to
the steady state condition at 14.27V. The ripple for the steady state waveform is about 0.09V
and the ripple ratio DVoVo ¼ 0:0914:2 is about 0.006 which is near to the ideal mathematically calcu-
lated value, 0.008.
The inductor current is used as the maximum operating current for the DC-DC converter.
The current waveforms of the inductor and diode show that the converter operates at the contin-
uous mode with current equal to 4.8 A.
VI. HARDWARE IMPLEMENTATION
The proposed system consists of the PV module, DC-DC converter, PIC controller, PWM,
and the load. By controlling the duty cycle of the DC-DC converter, the operating point of the
PV module is moved to the MPP. PIC controller is programmed with incremental conductance
algorithm to generate the suitable PWM which is used to control the duty cycle. The current of
the PV module is sensed by the current sensor from LEM, LTS 15-NP. A voltage divider is
designed to sense the input and output voltage of the converter. The output terminal of the con-
verter is connected to a constant load.
The hardware implementation of buck-boost converter is shown in Fig. 3. Each part is
marked on the figure and the description of each part is provided in Table II.
TABLE I. PV module’s parameters (KC85T module).
Maximum power (Pmax) 87W
Voltage at MPP (Vmpp) 17.4V
Current at MPP (Impp) 5.02A
Open circuit voltage (Voc) 21.7V
Short circuit current (Isc) 5.34A
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VII. CONTROL CIRCUIT CONFIGURATION
In order to always exploit the maximum power from the PV module, the incremental con-
ductance algorithm is coded into a PIC controller. The controller uses the input current and
voltage of the converter to calculate the suitable PWM for the IGBT. The PWM signal from
the controller is amplified from 5V to 15V by using a gate drive circuit since the IGBT oper-
ates with 12V signal.
In this paper, the PIC18F4520 from Microchip is used with frequency range between
32 kHz and 40MHz. The processing speed depends on the connection of the external clock
FIG. 3. Buck-boost converter.
TABLE II. Components specifications of the hardware implementation.
Part Description
A Input port of the converter (Blue terminal is the ground)
Connected to the PV module output terminals
B Current sensor
IC 7805 is used to supply 5V to the LEM current sensor
C Voltage divider consist of 47 kX and 10 kX resistors
The voltage across the 10 kX resistor is measured
with respect to the ground
D IGBT switch with heat sink
N-Channel IGBT, FGH50N6S2, 100 kHz operating at 390V and 40A
E 490lH power inductor with maximum 5.0A current rating
F Switch mode power diode, MBR1080, rating 10A and 80–100V
G 1000lF capacitor with voltage rating 50V
H 12V input port
I Output terminal of the converter connected to the 100W, 10 X power resistor
J Input port connected to the gate drive circuit
Gate drive will control the switching activity of the IGBT
K Output port sends the signal from the LEM current sensor to the PIC controller
L Output port of the voltage divider senses the output voltage of the converter
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generator circuit and the high speed crystal/resonator with phase-locked loop (PLL) enabled
mode is used to produce the 40MHz clock pulse. A 10MHz crystal and two 15 pF capacitors
are used to generate the clock pulse.
Fig. 4 shows the hardware implementation of the PIC controller. Each component on the
controller board is marked and Table III describes the component specifications.
Employing PIC controller has many advantages including cost efficiency of less than $50,
easy to programming and debugging, and large range of interfaces. They have also built-in os-
cillator with selectable speeds. They use 10-bit analog to digital converter (ADC) and process-
ing speed of 40MHz which is appropriate for MPPT system. They can also provide the
required frequency to generate the PWM signal. In summary, PIC is capable of taking control
of the MPPT system with less cost and complexity compared to DSP.
Another approach in this paper is that by applying buck-boost converter, the PV module
operates in a larger operational region. The structure of this converter is also simpler and easier
to build than that of other types of DC-DC converters. Buck-boost converter also provides an
output voltage polarity reversal without a transformer. It has high efficiency, current limiting
and the output short circuit protection is easy to implement.
FIG. 4. Hardware implementation of PIC Controller (PIC18F4520) board.
TABLE III. Description of hardware design of PIC controller.
Part Description
A IC 7805 is used to converter 12V input to 5V and supply the 5V to the PIC
B Master clear circuit of the PIC controller
Used to reset the PIC controller
C Analog to digital converter (ADC) input pin
The signal from LEM current sensor
and voltage divider goes to this input
D The crystal connection of the PIC controller
E Output port which sends the PWM signal to the gate drive circuit
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VIII. RESULTS AND DISCUSSIONS
Two PV modules are connected in parallel for testing the functionality of the proposed
MPPT system. The proposed system is tested in constant and changing weather conditions.
First, the performance of the proposed MPPT is studied under constant weather conditions
and the output current, voltage and power of the PV module without and with MPPT have been
observed. When the duty cycle is increased from 0.2 to 0.8, the output power has been
increased slowly until the maximum power point is reached and then it decreased. By this way,
the P-V curve of the PV module is obtained. The waveforms are shown in Fig. 5(a). From the
P-V curve, the MPP is obtained and then the MPPT algorithm is run and the result of the out-
put waveform is shown in Fig. 5(b). By comparing both of the figures, it is obvious that the
MPP obtained by the MPPT algorithm is matched with the MPP of the PV module.
For testing the performance of the proposed system in different irradiation levels, numbers
of the PV modules are increased from one to two modules and the change in the current, volt-
age and power is observed. Fig. 6 shows the output current, voltage and power of the PV mod-
ule. The output power for one PV module is 20W. A PV module is then added using parallel
connection and the output power increased to 40W. The output power returns back to 20W
when the second PV module is disconnected. The same trend is happening for output current
and voltage of the PV module. This test has been performed under real conditions and hence
the output current and voltage are not same as the ones at STC.
FIG. 5. Output waveforms: (a) The duty cycle increased from 0.2 to 0.8 to obtain the MPP. (b) MPPT is implemented.
FIG. 6. Output current (upper), voltage (middle), and power (lower) waveforms of 1 and 2 PV modules.
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The change in the duty cycle is also observed when the number of the PV module is
increased from one to two modules. First, single PV module is connected to the PV system and
the PIC controller generates the PWM with duty cycle, D¼ 0.54. By increasing the number of
the PV module to two modules, the MPP moves to another location. Hence, the duty cycle is
increased to D¼ 0.6 in order to track the new MPP. Fig. 7 shows the results of the changing in
duty cycle due to the change in the number of PV modules.
The proposed MPPT has been tested for rapidly changing weather conditions as well. In
order to provide the partial and full shadow conditions, the PV module was covered partially
and fully, respectively. For the fast moving cloud, the PV module is covered for a short period
and the process is repeated for a few times. Fig. 8 shows the drop of the output power when
the PV module is in partial shadow condition and no power has been delivered when the PV
module is covered with full shadow. Finally, the output power is following the movement of
the cloud in the fast moving cloud condition. The PV module produces no output power when
there is full shadow. It generates full power when the shadow is passed through.
The resultant waveforms have been measured from the output side of the converter since the
input current of the buck-boost converter is in the discontinuous mode. Therefore, the PV module
only supplies power to the buck-boost converter when the switch (IGBT) is on. Using Eq. (16),
FIG. 7. Change in the duty cycle due to change in number of PV modules. (a) One PV module. (b) Two PV modules.
FIG. 8. Output waveforms under varying weather condition.
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the duty cycle for solar irradiation levels between 500W/m2 and 1000W/m2 is 0.5 to 0.63,
respectively, which means that the switch of the buck-boost converter is on for about 50% of the
operating period. Hence, the average input power is 50% of its normal value. In order to over-
come this problem, other types of converters can be used such as Cuk or SEPIC converters which
are also able to step up and step down the input voltage with continuous input current.
IX. CONCLUSION
The proposed MPPT system is able to track the MPP under constant and varying weather
conditions. Therefore, the objective of this paper is achieved where a low complexity and cost
efficient MPPT system is designed, simulated, and implemented. The maximum power has
been extracted from the PV module of two parallel KC85T modules. By using a low cost PIC
controller to sense the PV module’s output voltage and current, duty cycle of the Buck-Boost
converter is adjusted to keep the PV system operating at the MPP. The buck-boost converter
provided a discontinuous input current and the output voltage is inverted.
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